INTRODUCTION
============

Alzheimer's disease (AD) is characterized by the presence in the brain of 'hallmark' lesions such as Aβ plaques, abnormal 'dystrophic' neurites associated with plaques, neurofibrillary tangles (NFTs) and neuropil threads. These lesions follow a specific pattern of regional and cellular vulnerability, with characteristic distribution patterns of Aβ deposits and subtype-specific neuronal susceptibility to NFT pathology and degeneration. Cytoskeletal changes in dystrophic neurites near plaques resemble the filamentous changes seen in cell body NFTs, suggesting that Aβ plaques may induce cytoskeletal alterations \[[@R1]\]. However, there is also significant heterogeneity among dystrophic neurites at different stages of AD, which may provide further insight into the relationship between Aβ plaque and neuronal cytoskeletal pathology. Furthermore, while individual plaques may represent 'focal' lesions in the brain, how this may result in wider patterns of neuronal degeneration requires elucidation. It is also clear that neurons may have some capacity to react or adapt to such lesions, making the relationship between overt pathology and functional disruption dynamic and complex. This review focuses on the effects of Aβ plaque formation on neurons at different stages of AD, and

explores the capacity of commonly used transgenic mouse models expressing familial AD (FAD) mutated human genes to recapitulate such pathology, as well as to provide further insight into mechanisms and therapy.

Aβ PATHOLOGY DURING THE PROGRESSION OF AD
=========================================

To date, there are a number of strong indications that Aβ abnormalities and plaque accumulation are an early and potentially necessary event in the sequence of brain changes that lead to AD. These include familial forms of AD involving mutations in the amyloid precursor protein (APP), Down syndrome in which the presence of three copies of the APP gene leads to an AD-like syndrome; studies of the staging of brain pathology; and *in vivo* human brain imaging for Aβ. However, there is no clear consensus on whether the critical damage is caused by abnormal Aβ species as intracellular accumulations, or as extracellular monomers, aggregates or plaques. The neocortex is an early site of Aβ accumulation, where it tends to localize in particular layers \[[@R2]\], indicating that misprocessing of Aβ leading to extracellular deposits may be specific to synaptic pathways terminating in these layers. However, the origin of abnormal Aβ and the formation of oligomers or plaques are still controversial, having been variably attributed to blood vessels, glial secretion, neuronal secretion from terminals and cell bodies, lysis of neurons or dystrophic neurites, and fibrillation by microglia (reviewed in \[[@R3]\]).

While it is commonly assumed that extracellular Aβ deposits 'mature' from diffuse forms to more dense, fibrillar plaques, staging studies in human cases indicate that these plaque subtypes develop separately, with a higher proportion of fibrillar Aβ deposits in later stages \[[@R4]\]. *In vivo* imaging studies of FAD transgenic mice show that Aβ plaques can form rapidly and are then relatively stable in morphology \[[@R5]\] and that smaller plaque deposits can occur in clusters and then merge into larger plaques \[[@R6]\]. It is not well understood why some amyloid protein deposits remain diffuse, whereas others densely aggregate into highly fibrillar and dense forms. Analysis by confocal microscopy also indicates that the more fibrillar Aβ plaques are spheres with a complex internal geometry, often around a dense amyloid core \[[@R4]\]; the factors that influence the morphology and size of these deposits are also unknown. Furthermore, human FAD involving PS1 mutations produces a larger and morphologically distinct plaque form ('cotton wool' plaques \[[@R7]\]), indicating that the means of Aβ production can influence plaque formation and morphology.

Human pathology staging \[[@R8]\] and recent human *in vivo* imaging using radio ligands for Aβ deposits \[[@R9]\], strongly indicate that Aβ deposition in the brain occurs early in AD, perhaps even decades before overt symptoms. However, it is also clear that there is substantial individual heterogeneity in the damaging effects of such deposits, since Aβ 'load' by itself does not correlate well with cognitive deficits in established AD \[[@R10]\]. Low Aβ load can accompany overt dementia, whereas some individuals show few cognitive and behavioural alterations despite relatively high Aβ deposition.

SPECIFIC PATTERNS OF DYSTROPHIC NEURITE FORMATION IN THE HUMAN BRAIN
====================================================================

While it is possible that Aβ oligomers have a more distributed role in neurotoxicity or compromising neuronal function, it is also clear that the more dense and fibrillar Aβ plaques act as discrete lesions, causing local damage to axons, dendrites and synapses and focal stimulation of astrocytes and microglia. In this regard, an accumulating burden of more dense, damaging, plaques concentrated in association areas of the cerebral cortex would likely have substantial effects on higher level processing capacity.

Interestingly, plaque formation does not appear to be directly related to cell death of adjacent neurons, although neurons can be deflected to the margins of such deposits \[[@R11]\]. Dendrites of pyramidal neurons within and proximal to Aβ plaques demonstrate deflection around the plaque, as well as withering and dendritic spine loss \[[@R12], [@R13]\]. However, dendrites intersecting with Aβ plaques rarely show 'reactive' changes resembling the dystrophy that characterizes 'neuritic' plaques. Those dystrophic neurites appear to derive principally from axons undergoing reactive, aberrant regenerative and/or frank degenerative changes near plaques \[[@R14]-[@R16]\].

In human cases, dystrophic neurites can be classified by morphology, neurochemistry and association with different stages of AD (Fig. **[1](#F1){ref-type="fig"}**). In 'end-stage' AD, the major subtypes are distinguished by their complement of specific cytoskeletal proteins and synaptic markers. Angular dystrophic neurites commonly labelled with antibodies directed to tau (including abnormally phosphorylated tau isoforms, closely resembling the cytoskeletal pathology of neurofibrillary tangles) are usually seen within and very near plaques, and are probably a degenerative form of dystrophic neurite. These tau-immunolabelled dystrophic neurites likely correspond to the plaque-associated abnormal neurites seen in thioflavine S staining \[[@R17]\], further reinforcing their identity as end-stage pathology involving a substantially transformed cytoskeleton.

Another dystrophic neurite subtype is immunolabelled for neurofilament (NF) proteins, the NF triplet and alpha-internexin. These neurites are typically larger than the tau-labelled structures, and appear as swellings or torturous tubular structures localized within the pores of plaques or around the corona \[[@R15], [@R16], [@R18]\]. Interestingly, a subset of these larger NF labeled dystrophic neurites has a core of abnormal tau \[[@R16]\] which stains with thioflavine S \[[@R19]\], which we hypothesized may represent a transition from abnormally reactive and regenerative axons responding to Aβ plaques, into tau-abundant degenerative forms \[[@R20]\]. The NF abundant dystrophic neurites also colocalise with growth-related proteins (eg GAP43 \[[@R15]\]) and often have a long neurite 'tail' that can be traced out to the neuropil \[[@R15], [@R16]\]. In this regard, they closely resemble the sprouting axons near plaques that have been described with neurofibrillar silver staining (eg Cajal, 1928, in \[[@R21]\]) and by Golgi staining \[[@R22]\].

Another type of dystrophic neurite observed in human cases with Aβ plaques has a swollen globular morphology, and predominantly contains synaptic markers such as synaptophysin, chromogranin A, and, potentially, APP \[[@R16], [@R23]-[@R25]\]. These appear to form largely independently of those containing neurofilaments or altered tau, although some NF labeled dystrophic neurites show co-labelling for synaptic markers \[[@R16]\]. Numerous other proteins have been implicated in dystrophic neurite formation, including GAP-43, ubiquitin, ubiquilin, prion protein, cytochrome C, C9 or f72, reticulon-3 and BACE-1 \[[@R26]-[@R32]\]. In this regard, many of these markers correspond to proteins implicated in amyloidogenic and neuropathological pathways, potentially supporting the view that dystrophic neurite formation may lead to, for example, abnormal Aβ processing, release of abnormal Aβ oligomers and subsequent Aβ fibrillization into plaques. Notably, BACE1, an enzyme critical for generating Aβ fragments, may have a role in axon and synapse development, and also accumulates in axons and terminals in association with Aβ plaques, and there is interest in potentially reducing this axonal pathology and subsequent amyloid pathology by BACE1 inhibition (see \[[@R33]\] for a review).

Ultrastructural studies have also indicated that dystrophic neurites can contain filamentous structures including NFs and paired helical filaments (the latter only in human cases), abundant organelles such as mitochondria and lysosomes, abnormal swollen vesicles, and multilamellar and dense bodies \[[@R14], [@R34]-[@R36]\]. Accumulation of proteins and organelles within dystrophic neuritis suggests an interruption of normal axonal transport in damaged axons. In addition, the abnormal structures may accumulate because of disruption in normal autophagic-lysosomal pathways within dystrophic neurites \[[@R36]\].

Broadly, therefore, there appear to be two processes of dystrophic neurite formation. The major form arises from long axons reacting and/or aberrantly regenerating around Aβ plaques \[[@R15]\], causing progressive changes to the neuronal cytoskeleton. The second subtype resembles swollen axon terminals, which do not show regenerative features or substantial cytoskeletal pathology. It may be that the Aβ plaques have a differential effect on axonal or terminal compartments; or, given the localization of APP and potential autophagic-lysosomal dysfunction, these swollen terminals may be abnormally processing Aβ, leading to plaque formation.

With respect to neuronal susceptibility to dystrophic neurite formation, there may also be differences between subsets of neurons responding to Aβ plaque formation. As noted above, many dystrophic neurites may correspond to long axons, including corticocortical axons (see also \[[@R37]\]), as well as from neighbouring pyramidal neurons \[[@R22], [@R38]\] and from specific subcortical brain regions. We have also shown that axons are demyelinated around and within plaques \[[@R39]\]. NF abundant axons may also correspond to neurons that preferentially express, for example, NF triplet proteins in the cerebral cortex. A subset of pyramidal neurons show high levels of NF triplet proteins across mammalian species (reviewed in \[[@R40]\]) and are likely to contribute to long corticocortical projections, as seen in studies of non-human primate species \[[@R41]\]. These NF triplet containing neurons are particularly susceptible to NFT formation \[[@R42], [@R43]\] and degeneration \[[@R44]\] in AD. Conversely, non-pyramidal neurons, generally lacking NF triplet proteins, show very little propensity to NFT formation and overt cell loss in AD \[[@R43]\], and also very little reactive changes or dystrophic neurite formation around Aβ plaques \[[@R44]\]. This indicates that NF content may be a predisposing factor for axons to undergo a substantial reactive and regenerative response to plaque-related injury.

STAGING OF DYSTROPHIC NEURITE FORMATION
=======================================

Aβ deposits probably accumulate in the brain for many years before cognitive deficits and behavioural changes are discernible. In this regard, pathological staging studies indicate that the clinical features of AD are closely associated with the presence of Aβ plaques throughout the neocortex and the spread of neurofibrillary pathology from medial temporal regions into other neocortical association areas. Increasing plaque density has also been associated with cognitive impairments in prodromal AD \[[@R46]\]. *In vivo* Aβ imaging studies also indicate that Aβ accumulation in the brain may represent a key early brain change, significantly increasing the risk of developing AD \[[@R9]\]. However, it is not yet clear whether all AD cases follow a lengthy period of Aβ accumulation, or whether all people who accumulate Aβ will necessarily transform into fulminant disease. We have also demonstrated that overall Aβ deposition load may be less critical than a change in the proportion of plaque types from predominantly diffuse forms to more compact, dense structures able to induce neuronal pathology \[[@R4]\]. In this regard, we have hypothesized that fibrillar plaques precipitate aberrant regenerative changes preceding classic neurofibrillary pathology, in neurons whose axons and terminal fields are impinged by plaque formation \[[@R20]\].

The dystrophic neurite profile of Aβ plaques also differs in prodromal disease compared to end-stage AD. For example, abnormal tau in dystrophic neurites is rarely seen near fibrillar Aβ plaques of preclinical, which are instead surrounded by abundant NF immunoreactive dystrophic neurites, including large spherical structures with axons that can be traced out into the neuropil, and smaller ring-like neurofilament structures \[[@R16], [@R47]\]. Both of these resemble the reactive and regenerative changes in axons subjected to structural injury *in vivo* \[[@R48]\] and *in vitro* \[[@R48], [@R49]\]. The accumulation of NFs, but not abnormal tau, in these dystrophic neurites supports the proposal that they are a relatively early form of abnormality, and that the comprehensive cytoskeletal changes of tau pathology take a relatively long time to develop.

Aβ PLAQUE-ASSOCIATE DYSTROPHIC NEURITE FORMATION IN EXPERIMENTAL MODELS
=======================================================================

The full complement of AD pathological hallmarks have only been observed in human brains. Aβ plaques and associated dystrophic neurites have been described in a small number of non-human species, such as aged primates and dogs (*e.g.,* \[[@R50], [@R51]\]), whereas transgenic mice expressing human FAD mutated APP (often in combination with mutated human PS1) typically develop Aβ deposits and plaques without substantial neuronal degenerationor neurofibrillary pathology such as paired helical filaments and highly modified tau. Some models combine human APP and PS1 mutations with a tau mutation (P301L) implicated in a subset of frontotemporal dementia cases \[[@R52]\]. Although the latter shows an augmentation of the tau pathology, it does not develop paired helical filament pathology, or significant cell loss and atrophy resembling human AD.

Notwithstanding these shortcomings, FAD transgenic models have been very useful in modeling early AD pathology. We have demonstrated that commonly used transgenic AD models such as the APP~Swe~/PS1dE9, Tg2576 and CRND8 lines, develop a pattern of pathology that is most reminiscent of early or preclinical AD. As they age, these lines develop dense, fibrillar plaques surrounded by NF labeled dystrophic neurites that appear identical to those in preclinical human cases \[[@R45], [@R53]\]. Hence, such transgenic mice can model the earliest pathogenic events of AD, and will be useful for suggesting and exploring potential disease-modifying strategies.

Aβ PLAQUES CAUSE DAMAGE TO SYNAPSES AND CORTICAL MICROCIRCUITRY
===============================================================

The mammalian cerebral cortex has a highly conserved, repetitive organization including columnar arrangements of neurons which dynamically group into units to enable sensory processing, integration of information and intentional behavior. In the human neocortex, Aβ plaques cluster in layers involved in corticocortical connectivity, and are more abundant in association areas relative to primary motor and sensory regions \[[@R2]\]. Cortical Aβ plaques are comparatively sparse in preclinical AD, but during disease progression, their spread throughout cortical layers may damage and disrupt most of the neuron groups in association areas, reducing the capacity for compensation in disrupted information processing.

AD is also associated with the degeneration and death of specifically susceptible neurons, as well as a generalized loss of brain 'substance' leading to atrophy. There has also been substantial interest in how damage to particular cortical circuits may represent a critical degenerative change that triggers progressive deterioration in cognitive function and alterations in behavior. Earlier work by Terry and associates emphasized the critical role played by synaptic loss in AD, correlating more closely than either plaques or neurofibrillary tangles with indices of cognitive decline \[[@R54]\]. The extent of synapse loss in higher association neocortex has been reported to vary between 30-45% \[[@R14]\] with a predilection for layers involved in corticocortical connectivity. The particular vulnerability of connection-related neurons and synapses likely gives rise to a pattern of disconnection between higher cortical areas.

With respect to cortical microcircuitry, as noted above, densely fibrillar plaques cause dendritic withering, spine loss, loss of normal axons, demyelination, reactive axonal changes and swelling of synaptic terminals (Fig. **[1](#F1){ref-type="fig"}**). In addition, these plaques also represent a focus of synapse loss \[[@R54], [@R55]\].The greatest degree of synapse degeneration occurs in the central region of the plaque, with a substantial loss of both excitatory and inhibitory synapses \[[@R54]\]. However, in the periphery of plaques and throughout the neuropil, there is a selective loss of excitatory synapses, as demonstrated with the presynaptic marker,VGlut-1, whereas, inhibitory synapses appear unaffected, in the cortical neuropil between plaques in both established human AD and in transgenic models \[[@R55]\]. However, inhibitory synapses are reduced on cortical neuron cell body surfaces and initial axon segments near plaques \[[@R56], [@R57]\]. In preclinical AD cases, synapse loss is restricted to the plaques, with no discernible decreased density in the wider neuropil \[[@R55]\].

Collectively, this indicates that plaques can cause substantial localized damage primarily to excitatory cortical connections in preclinical stages, but that further disease progression, perhaps associated with neuronal degeneration and increased Aβ plaque load, is necessary for more widespread synapse loss. In end-stage AD cases, remaining VGlut-1 labelled puncta in and around plaquesare relatively reduced in size, whereas VGAT labeled inhibitory boutons are larger \[[@R55]\]. Interestingly, in preclinical AD cases, both VGlut-1 and VGAT labeled boutons were larger in the neuropil and at the periphery of plaques \[[@R55]\]. These specific and stage-specific alterations in bouton size may reflect type-specific adaptive changes in response to the disruption in cortical circuitry.

Aside from synaptic changes, recent studies have suggested that substantial reactive changes may also occur in glial GABAergic systems. Increased glutamate decarboxylase (GAD) activity was detected in glial membrane fraction preparations from 12 month old APP/PS1 mice, but not from neural synaptosomes \[[@R55]\]. More recent studies show increased GABA labeling in reactive astrocytes in human AD brains, as well as release of GABA by astrocytes in transgenic AD models \[[@R58], [@R59]\]. This may be linked with increased, and synchronized, activity of glial cells as shown by *in vivo* calcium imaging of transgenic models \[[@R60]\].

In human AD, the combination of specific synapse vulnerability, synaptic remodeling and altered inhibitory glio transmission, may contribute to local processing abnormalities in the vicinity of Aβ plaques. *In vivo* calcium imaging of AD transgenic models has demonstrated abnormal hypo- and hyperactivity in subsets of neurons, the latter specifically in neurons and neurites near Aβ plaques \[[@R61], [@R62]\]. While there is limited evidence of nerve cell body degeneration around plaques \[[@R27]\], increased calcium in neurites adjacent to plaques could contribute to degeneration, since calcineurin inhibition in experimental models reduces peri-plaque neurite beading \[[@R62]\]. In this regard, the relative preservation of inhibitory synaptic structures, including increased bouton size and GABA production and release by reactive astrocytes may partly compensate for abnormal excitation and hyperactivity around plaques. The large spatial extent of astrocytes compared to neurons could explain the wider spread of abnormally 'silent' or hypoactive neurons between plaques in transgenic models \[[@R61]\]. *In vivo* calcium imaging of transgenic models has shown hypoactive neurons in the visual cortex which were unresponsive to visual stimuli, whereas visual processing alterations were associated with abnormally hyperactive subsets of neurons \[[@R63]\]. Increased epileptiform activity in AD and transgenic models has been well described, and likely represents an altered balance between excitatory and inhibitory transmission, for which the system may compensate by means such as sprouting of inhibitory processes and increased miniature inhibitory postsynaptic currents in the hippocampus \[[@R64]\]. Furthermore, GABA~A~ antagonism is capable of restoring a degree of activity in previously abnormally hypoactive neurons, further supporting the proposition that this pathological milieu involves excessive inhibition \[[@R63]\]. Plaques also locally reduce experience-induced expression of the immediate early gene *Arc* following visual stimulation in transgenic models \[[@R65]\], indicating that excitatory plasticity is also disrupted.

Taken together, studies of early human AD and corresponding transgenic models indicate a disruption in normal cortical processing in the vicinity of Aβ plaques, consisting of altered and degenerating synapses, cytoskeletal and aberrant regenerative changes in axons, but little overt neuronal degeneration. AD progression is linked to an increased density of fibrillar Aβ plaques, a wider loss of synapses throughout affected cortical regions and the substantial transformation of the normal neuronal cytoskeleton in subsets of vulnerable neurons. The evolution of these initial neuronal changes and network disruption into frank degeneration of associative cortical pathways suggests multiple points of potential intervention, from pharmacological manipulation of synaptic activity through to inhibition of cytoskeletal pathology that results in disconnection. Common animal models involving familial AD mutant transgenes broadly reflect initial stages of AD, and may provide insights into how Aβ pathology results in structural and physiological changes in neurons and network dynamics, as well as informing potential new therapeutic approaches for early intervention and/or prevention of fulminant disease.
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